The effects of both anoxia and short-and long-term hypoxia on brain oxidative metabolism were studied in newborn dogs. Oxidative metabolism was eval uated by two independent measures: in vivo continuous monitoring of mitochondrial NADH redox state and en ergy stores as calculated from the phosphocreatine (PCr)/Pi levels measured by 31p nuclear magnetic reso nance (NMR) spectroscopy. The hemodynamic response to low oxygen supply was further evaluated by measuring the changes in the reflected light intensity at 366 nm (the excitation wavelength for NADH). The animal under went surgery and was prepared for monitoring of the two signals (NADH and PCr/PJ, It was then placed inside a Phosphoenergetics 260-80 NMR spectrometer magnet with a 31-cm bore. Each animal (1-21 days old) was ex posed to short-term anoxia or hypoxia as well as to long term hypoxia (1-2 h). The results can be summarized as follow: (a) In the normoxic brain, the ratio between PCr
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The interrelation between energy metabolism and the functional state of the newborn brain is a critical factor in understanding cerebrovascular dis turbances in newborn humans. Changes in post natal CBF may lead to brain damage due to a de crease in oxygen supply and, as a result, to an im balance between supply and demand. Neonatal asphyxia resulting in hypoxic ischemic encephalop athy was reported in 1 % of all births (MacDonald et aI., 1980) . The correlation between CBF, oxygen consumption, and brain function has been investi gated in very few studies. As a model, the newborn and Pi was> I (1.2-1.4), while under hypoxia or as phyxia a significant decrease that was correlated to the Fp2 levels was recorded. (b) A clear correlation was found between the decrease in PCr/Pi values and the in creased i' \DH redox state developed under decreased O2 supply to the brain. (c) Exposing the animal to moder ately long-term hypoxia led to a stabilized low-energy state of the brain with a good recovery after rebreathing normal air. (d) Under long-term and severe hypoxia, the microcirculatory autoregulatory mechanism was dam aged and massive vasoconstriction was optically re corded simultaneously with a significant decrease in PCr/ Pi values. (e) The two techniques used simultaneously were complementary to each other and provided an ex cellent practical tool for brain energy metabolism evalua tion. Key Words: Brain hypoxia-NADH redox state Newborn brain metabolism-Newborn dogs-3lP nu clear magnetic resonance. dog, which shows a similar level of development to that of the newborn human, was used (Brennan et aI., 1976) . In most studies published, the main pa rameter measured has been CBF at different ages. This was correlated to oxygen consumption (Him wich and Fazekas, 1941; Kennedy et aI., 1970 Kennedy et aI., , 1972 Hernandez et al., 1978) , autoregulatory mechanisms and responses to CO2 in the newborn brain (Hernandez et aI. , 1980a; Shapiro et aI., 1980) , and blood flow distribution between the various brain structures (Hernandez et aI. , 1980b) .
From the data accumulated, it seems that the newborn brain has a lower requirement for avail able energy and, as a result, the O2 consumption as well as the CBF are lower than those of the adult brain. Very little is known about the mechanisms underlying the low energy demand and the "resis tance" of the newborn brain to a reduced oxygen supply. During the last few years, 31p nuclear mag-netic resonance (NMR) spectroscopy has been de veloped as a practical tool for noninvasive in vivo monitoring of brain energy metabolism (Younkin et al. , 1984; Mayevsky et al. , 1985) . Very recently, the dog brain was used as a model for studying the P NMR responses to hypoxia as well as the recovery from hypoxia (Hilberman et aI. , 1984) . To interpret the results obtained in vivo by the P NMR tech nique, it is desirable to compare it to another in vivo monitoring system. In the study on the dog brain (Hilberman et aI., 1984) , the electrical activity (electroencephalogram) was monitored inside the magnet during the accumulation of the NMR spectra. The in vivo monitoring of intramitochon drial NADH redox state is well accepted as a reli able on-line real time approach for studying brain bioenergetics. The development and use of fiber optic surface fluorometry in brain bioenergetic studies have been reviewed (Mayevsky, 1984) . This approach opened up the possibility of monitoring the brain NADH redox state while the animal was located inside the NMR magnet. We correlated the P NMR spectra to the NADH redox state moni tored from the brain of newborn dogs located inside the magnet and exposed to hypoxic conditions.
The approach used in the present study will try to define the critical point of phosphocreatine (PCr)/Pj in relation to the degree of redox state of the respiratory chain, which results in a failure of phosphorylation.
METHODS

NADH redox state fluorometry
In the present study we used a one-channel DC fluo rometer/reflectometer (Mayevsky and Chance, 1982; Mayevsky, 1984) . The source for the 366-nm excitation light was a 100-W air-cooled mercury lamp, passing through the excitation fiber optic bundle to the brain. The emitted light from the brain transmitted through another fiber optic bundle was split into a 90:10 ratio to measure the fluorescence light (F; 90%) and the reflected light (R; 10%). Calibration of the signals as well as other details were published previously (Mayevsky and Chance, 1982, 1983; Mayevsky, 1984) .
31p NMR
The studies were done using a 260-80 NMR spectrom eter (Phosphoenergetics, Philadelphia, PA, U.S.A.) with a 31-cm bore, horizontal, 2.1-tesla superconducting magnet (Oxford Instruments, Oxford, U.K.). The spec trometer, animal holder, and probe design were very sim ilar to those published recently by Hilberman et al. (1984) . For the 31p pulse, 35.8 mHz was transmitted for 30-50 f.ls to create a 900 pulse, and after a 40-f.ls delay, 80-ms acquisitions were taken to correct the free induc tion decay. The data were Fourier transformed to obtain spectra (see Fig. 2 ).
The animals were anesthetized with Eithesin (a mix ture of pentobarbital, chloral hydrate, magnesium sul fate, and propylene glycol) by an intraperitoneal injection 1988 of 0.2 ml/lOO g body weight. The skin muscle and the connective tissue on the bone were removed from the top of the skull in an area of 5-cm diameter. A 9-mm hole was drilled in the parietal bone, the dura mater was gently removed, and a Plexiglas holder with light guide was im planted above the brain and fastened to the skull with dental acrylic cement. The animals were ventilated with a Harvard rodent respirator via a tracheal cannula. The coil (two turns, 3-cm diameter) was placed on the skull around the cemented light guide and fixed in place by the coil holder.
RESULTS
In I-day-old animals, the dura mater is trans parent so that the light could penetrate to give a reasonable signal/noise level. In five animals we studied the effect of changes in Fjo2 as well as par tial ischemia on the optical signals measured with and without the dura mater. Figure 1 shows a typ ical recording obtained from a I-day-old animal with an intact dura. In Fig. lA , the effect of 5-min anoxia is shown. Owing to the low FP2' NADH (CF) increased and reached a plateau within 1. 5 min. Concomitantly, owing to autoregulatory mech anisms, CBF increased and led to the appearance of more blood in the measurement site, so that the reflected light (R) decreased, reaching a minimal level after 4.5 min. During the recovery period a net oxidation of NADH was recorded (F, CF). This is due to the fact that the blood volume did not change at this time and the hemodynamic artifact in the F trace was prevented. In Fig. IB the effect of as phyxia was recorded and showed the same basic effect as that obtained with anoxia, i. e. , an increase in NADH levels during the insult.
In the I-day-old animal, we were able to induce anoxia for 10 min and the response ( Fig. 1 C) was very similar to what was shown in Fig. 1 A.
The effect of ischemia was tested by occlusion of the two carotid arteries, as shown in Fig. ID-F . Owing to the compensation of blood flow through the circle of Willis, the NADH increase during the occlusion of the carotids was only 30% of the max imum increase capacity. This was tested by giving nitrogen to the animal during the partial ischemic period, and indeed a maximal NADH level was re corded. Figure IF shows the effects of severe isch emia and bleeding induced by cutting the two ca rotid arteries. The NADH increased to its maximal level as expected without any further increase after reaching the plateau. The reflected light shows a gradual increase due to a decrease in blood volume. Figure 2 shows a typical spectrum obtained from a 9-day-old animal breathing 33% 02' As seen, there are two main differences between the nor moxic spectrum of the newborn and that obtained from an adult dog brain (Hilberman et al., 1984) . The ratio between per and Pi is slightly above 1 in the normoxic brain and below 1 in the hypoxic brain, as compared with the range of �3 in the adult dog brain (Hilberman et aI., 1984) . Also, the 9 DAYS OLD pupp y 33% 02 PME YATP 4ATP
phosphomonoesters have the highest peak in the spectrum of the newborn dog, while in the adult brain this peak is small. After verifying that the NMR and the fluores- cence spectroscopy techniques were operating well, we combined the two in the same animal and a group of six animals was studied. Each was ex posed to short-term anoxia for calibration, short term hypoxia, and also low Fio2 for a period of 1-3 h. Figure 3 shows the effects of various hypoxic levels to which a 5-day-old dog was exposed for � 15 min on the optical signal responses as well as on the change in the Per/Pi ratio. As seen above, the NADH increase response (CF) was very well correlated to the decreased Fio2 level with the level of Per/Pi' Under 10% O2 FP2 was not affected sig nificantly, but under 5 and 2.5% O2 the decrease was more pronounced. Owing to the deterioration of the animal with time, the control value of Per/Pi went down, but the decrease during hypoxia was clear. During recovery the Per/Pi showed an over shoot in all three episodes. The line between the P NMR measuring points was drawn, but it is not a continuous function. Figure 4 shows the effects of long-term hypoxia on the various parameters monitored in a 3-day-old dog. We tried to stabilize the animal on an Fio2 level that might lead to low Per/Pi values (0.8-0.6). As seen in Fig. 4 , a very clear correlation between percentage Fio2 and the energy state of the brain was recorded. By lowering the Fio2 from 100 to 4, the N ADH became reduced (increased fluores cence) by 50% as compared with the normoxic values. At the same time, with a delay of a few minutes, the Per/Pi went down from an average value of 1.4-1. 5 to -0.5. The reflectance trace, which also represents the blood volume in the tissue, showed a decrease due to vasodilation oc curring under hypoxia. The same pattern of changes occurred during the second hypoxic period and the recovery achieved by rebreathing the an imal with 100% 02' During the third hypoxic pe riod, a large reflectance increase was recorded si multaneously with the decrease in Per/Pi' In this case, even after returning the animal to 100% °2, the animal showed a gradual decrease of PCr/Pi (0.1-0.2) and died.
We analyzed the results quantitatively and found very interesting correlations between the various parameters monitored. As shown in Fig. 5 , all three parameters, namely, corrected fluorescence, reflec tance, and PCr/Pi' were correlated to the Fio2 level, but the Per/Pi showed a poor correlation. The cor relation coefficients between Fio2 and CF, R, and PCr/Pi were -0. 64, + 0. 64, and + 0.32, respec tively.
As shown in Fig. 6 , a significant correlation was found between the reflectance and the NADH-cor- 
DISCUSSION
The results presented in this study show for the first time the correlation between the two in vivo "on-line" energy metabolism-monitoring tech niques, one of which is noninvasive (P NMR) and the other partially invasive (NADH fluorometry/re flectometry). Since 31p NMR is a new technique for studying brain energy metabolism, it is unavoidable to compare it to another in vivo monitoring tech nique. We chose the surface NADH fluorometry/ reflectometry approach since it measures the redox state of the mitochondria-the main site of ATP production in brain cells. The surface fluorometry technique is well accepted and is in use in various body organs (such as brain, heart, and muscle), so that a large number of published articles on the subject are available and can be used to compare NMR results. The main problem that appears to af fect the NADH measurement by light guide surface fluorometrylreflectometry is that hemodynamic 10 0,.3 days 6.84 .. .,. changes occur in the brain under various experi mental conditions. To overcome this problem, we used 366-nm reflected light measurement changes for the correction of NADH as suggested by Jobsis et al. (1971) and later on by Harbig et al. (1976) . In other studies we have found that the one-to-one correction factor used was suitable for the newborn dog brain as evaluated by the saline flashing tech nique (E. Yoles and A. Mayevsky, unpublished re sults). The NADH monitoring technique was re cently described in detail (Mayevsky, 1984) . Using a 3-to 4-m light guide inside the magnet did not affect the signal/noise ratio so that comparable re sults were obtained. As shown in Fig. 1 , during the normoxic-anoxic transition, the uncorrected NADH signal (F) did not show the expected in crease due to the hemodynamic artifact as seen in the R signal (increased blood volume). During the anoxic-normoxic shift, a clear oxidation (decrease) was also recorded in the uncorrected trace owing to maximal dilation of the blood vessels at the end of the anoxic period (minimal reflectance level). Regarding the 31p NMR results, the size of the newborn dog brain is adequate for our studies and enables the combination of the two techniques, al though it is clear that the tissue volume monitored by the two techniques is different. The NADH probe is "looking" on a surface area of 2-3 mm in diameter and 0. 5-1. 0 mm in depth, while the 31p NMR probe is "observing" mainly the cortex of the brain. However, hypoxia and anoxia have a general effect on the brain and the differences be tween various brain cortical areas are minimal-al though differences between cortical and subcortical layers may affect the results and the correlation be tween the two techniques will decrease. As shown J Cereb Blood Flow Metab, Vol. 8, No.2, 1988 in Figs. 5 and 6, the correlation between Per/Pi and NADH was very significant (p < 0. 01) and better than with the FP2' In the present study it is seen that once the brain P02 decreases, it will be detected quickly by the intramitochondrial redox state, While any decrease of the FP2 below room air will lead to a clear NADH increase, the Per/Pi is less sensitive and does not change significantly until a critical level of mitochondrial electron trans port chain inhibition is reached. As seen in Fig, 6 (right), the first detectable change in Per/Pi (in this preliminary study) was detected when the NADH level increased by 15-20% as compared with the normoxic level. The change in NADH represents 20-30% of the maximal NADH recorded during complete oxygen deprivation (mitochondrial state 5). One of the reasons for the difference in the perl Pi response is the variation between sampling pe riods, but it seems to improve as the technique be comes perfected, Also, the variability between an imals is large and the individual animal results must be analyzed and then normalized between animals.
Another factor that has been considered is the large distance between FP2 levels and local intra cellular events. Therefore, measurement of hemo globin oxygenation in the capillary bed is needed; indeed, preliminary results were presented very re cently (Nioka et aI. , 1986) . We believe that the combined techniques will provide a better under standing of the events that occur under various pathological conditions. According to the preliminary results presented, it is clear that mitochondrial NADH redox state level is correlated to the energy stores of the tissue. After accumulation of more results, we will be able to find the exact relationship between the two pa-rameters and maybe a critical NADH or PCr/Pi level will be detected under the various patholog ical conditions.
